Timing observations from the Parkes 64-m radio telescope for 165 pulsars between 1990 and 2011 have been searched for period glitches. Data spans for each pulsar ranged between 5.3 years and 20.8 years. From the total of 1911 years of pulsar rotational history, 107 glitches were identified in 36 pulsars. Out of these glitches, 61 have previously been reported whereas 46 are new discoveries. Glitch parameters, both for the previously known and the new glitch detections, were measured by fitting the timing residual data. Observed relative glitch sizes ∆ν g /ν range between 10 −10 and 10 −5 , where ν = 1/P is the pulse frequency. We confirm that the distribution of ∆ν g /ν is bimodal with peaks at approximately 10 −9 and 10 −6 . Glitches are mostly observed in pulsars with characteristic ages between 10 3 and 10 5 years, with large glitches mostly occurring in the younger pulsars. Exponential post-glitch recoveries were observed for 27 large glitches in 18 pulsars. The fraction Q of the glitch that recovers exponentially also has a bimodal distribution. Large glitches generally have low Q, typically just a few per cent, but large Q values are observed in both large and small glitches. Observed time constants for exponential recoveries ranged between 10 and 300 days with some tendency for longer timescales in older pulsars. Shorter timescale recoveries may exist but were not revealed by our data which typically have observation intervals of 2 -4 weeks. For most of the 36 pulsars with observed glitches, there is a persistent linear increase inν (i.e., decrease in the slow-down rate |ν|) in the inter-glitch interval.
INTRODUCTION
Pulsars are thought to be highly-magnetised, rapidlyrotating neutron stars. They are remarkably stable rotators, which has enabled tests of general relativity , searches for gravitational waves (e.g., Yardley et al. 2011 ) and the establishment of a pulsar timescale ). These results have been be-⋆ E-mail: vela.yumeng@gmail.com ing obtained by the technique known as "pulsar timing". The pulsar timing technique allows observed pulse times-ofarrival (ToAs) to be compared with predicted arrival times. The predicted arrival times are determined using a model of the pulsar's rotation, position, orbit etc. The differences between the actual and predicted pulse arrival times are known as "timing residuals". Timing residuals can be induced by an inaccuracy or omission in the parameters in the timing model or by the timing model not including all phenomena affecting the propagation of a pulse from the pulsar to the observer. The timing residuals for some pulsars are very small. For instance, PSR J0437−4715 has an rms residual of 75 ns over several years (Manchester et al. 2012) . However, most pulsars are not so stable. Hobbs et al. (2010) analysed the timing residuals of 366 normal and recycled pulsars on timescales longer than 10 yr. They found that in most cases the residuals comprise low-frequency structures. For young pulsars, the timing residuals were further found to be dominated by recovery processes from glitch events.
A glitch is an abrupt increase in the pulse frequency ν = 1/P of a pulsar, often followed by an exponential recovery toward the extrapolation of the pre-glitch pulse frequency (Baym et al. 1969) . Post-glitch behaviours generally exhibit another recovery process which is characterised by a linear increase inν or decrease in slow-down rate |ν|. This often extends from the end of the initial exponential recovery until the next glitch event. Such "linear-decay" processes were first observed in the Vela pulsar (Downs 1981; , and were subsequently seen in other sources (Yuan et al. 2010a ). The first known glitch was detected in the Vela pulsar (Radhakrishnan & Manchester 1969; Reichley & Downs 1969) . Since then more than 350 glitch events have been observed in about 120 pulsars. Glitch databases are now available: the ATNF Pulsar Catalogue glitch table (Manchester et al. 2005) 1 and the Jodrell Bank Glitch Catalogue (Espinoza et al. 2011a) .
2 Since the original glitch discovery, the Vela pulsar has been observed to undergo 15 further glitch events, most of which have ∆νg/ν ∼ 10 −6 . In contrast, the Crab pulsar has been observed to have ∆νg/ν ∼ 10 −7 − 10 −9 for most of its glitch events. Most glitches have been observed in relatively young radio pulsars but they have also been observed in magnetars (Woods et al. 2004; Dib et al. 2007 ) and even in a millisecond pulsar (Cognard & Backer 2004) . Observed fractional glitch sizes range from ∼ 10 −10 to ∼ 10 −5 , but it is important to note that the low end of this distribution is strongly limited by observational selection.
The increase of the pulse frequency during a glitch is usually unresolvable and exponential recoveries typically have timescales of ten to a few hundred days (Wang et al. 2000; Yuan et al. 2010a ). However, intensive observations of glitch events in the Crab and Vela pulsars have shown that 1) the rising edge of the pulse frequency can sometimes be resolved into multiple components and 2) very short exponential decays can occur (Dodson et al. 2002) . For two pulsars, sinusoidal oscillations have been observed in timing residuals after glitch events (McCulloch et al. 1990; Yuan et al. 2010b) .
"Slow glitch" events have been observed in PSR B1822−09 and other pulsars (Zou et al. 2004; Shabanova 2005 Shabanova , 2007 Yuan et al. 2010a) . Unlike normal glitches, a slow glitch builds up over several hundred days, and the increased pulse frequency is usually maintained until the next event. This corresponds to a fluctuation in |ν|, characterised by an impulsive decrease followed by a gradual increase. Hobbs et al. (2010) and Lyne et al. (2010) suggested that slow glitches are a manifestation of the "ν switching" observed in some pulsars. Glitches are thought to be triggered either by the neutron-star crustquakes (e.g., Ruderman 1991; Ruderman et al. 1998) or by the sudden transfer of angular momentum from the faster-rotating crustal neutron superfluid to the rest of the star (e.g., Anderson & Itoh 1975; Ruderman 1976; Alpar et al. 1981) . The post-event exponential recoveries have been explained as the reestablishment of an equilibrium between pinning and unpinning in a vortex-creep region interior to a neutron star (Alpar et al. 1993; Lyne et al. 2000) . Fractional glitch sizes ∆νg/ν show a bimodal distribution with peaks at ∼ 10 −9 and ∼ 10 −6 Wang et al. 2000; Yuan et al. 2010a ). Using a sample containing 315 glitches, Espinoza et al. (2011a) confirmed this bimodal distribution and also found that the rate of glitch occurrence peaks for pulsars with a characteristic age (τc ≡ P/(2Ṗ ) of about 10 kyr. They also showed that, on average, nearly one per cent of the spin-down is reversed by glitches for those pulsars with a slow-down rate |ν| between 10 −14 to 10 −11 s −2 . Even though glitch events and their subsequent recoveries have been extensively studied, theoretical predictions have been unable to model fully the timing residuals induced by a glitch event. Theoretical models also cannot yet explain why some pulsars exhibit a large number of glitch events, whereas other pulsars with similar characteristics have never been observed to glitch. Melatos et al. (2008) showed that the waiting-time sequences of the glitches in seven pulsars followed a constant-rate Poisson process, which suggests that a neutron star could be a system fluctuating around a self-organised critical state.
For this paper, we searched a total of 1911 yr of pulsar rotational history for glitch events. In §2, we describe our observations. In §3, we present our method for determining glitch parameters. Our results are shown in §4, and discussed in §5. We conclude the paper in §6. Illustration of the identification of glitch events with two typical sizes 10 −6 and 10 −9 . Sub-plot a) shows the effect on the timing residuals of the large glitch that occurred in the Vela pulsar around MJD 53193. The pre-glitch solution contains ν,ν andν and phase-coherency is broken by the glitch. Sub-plot b) shows timing residuals relative to a pre-glitch solution containing ν andν for a small glitch in PSR J0834−4159 that occurred at MJD ∼ 53415. In this case, phase coherency is maintained after the glitch although there are several phase wraps. In each plot the vertical dashed line indicates the glitch epoch (from Dodson et al. 2004 for the Vela glitch).
OBSERVATIONS
The observations of 165 pulsars analysed in this paper were obtained using the Parkes 64-m radio telescope between 1990 January and 2011 January. Almost all observations were at radio frequencies near 1400 MHz, in the 20-cm band. For 1990 -1994 the "H-OH" receiver was used with an analogue filterbank having 64 × 5 MHz channels for each polarisation (Johnston et al. 1992) . The data were summed and high-pass filtered before one-bit digitisation. From 1994 -2001 most data were obtained using the "FPTM" digital filterbank (Sandhu et al. 1997 ) with one (later two) 128 MHz bands for each polarisation. Up until 1997 the H-OH receiver was used. From 1997 on, most observations used the centre beam of the 20-cm Multibeam receiver (Staveley-Smith et al. 1996 ) although a few were at higher frequencies between 1700 and 2200 MHz using other receivers. Between 1997 and 2007 observations were usually made with the analogue filterbank system used for the Parkes Multibeam Pulsar Survey ) which has 96 × 3 MHz channels for each polarisation. Intervals between observing sessions were typically 2 -4 weeks and a ToA was obtained for most of the pulsars each session. Some pulsars with lower priority were observed less frequently. Observation times per ToA were normally between one and ten minutes.
From 1991 to 2000 these observations were in part used to support the Energetic Gamma-Ray Experiment Telescope (EGRET) aboard the Compton Gamma-Ray Observatory (Thompson 2008) . Between 2007 and 2011, observations were obtained with the primary goal of supporting the Fermi Gamma-ray Space Telescope mission (Smith et al. 2008; Weltevrede et al. 2010) . Observing sessions are separated by approximately four weeks, each lasts for 24 h, allowing ∼170 pulsars to be observed. The centre beam of the Multibeam receiver is used at 1369 MHz with a bandwidth of 256 MHz. Digital filterbank systems (Manchester et al. 2012) were used to record the data, with integration times of 2 to 20 min for each pulsar to ensure a signal-to-noise ratio larger than five. A few observations were taken as part of the PULSE@Parkes project (Hobbs et al. 2009 ). These data are available for download from the Parkes pulsar data archive 3 .
In Table 1 , we summarise the properties of the 165 pulsars. The pulsar name, pulse period P , period derivativeṖ , dispersion measure (DM), data span in Modified Julian Day (MJD) and years, and number of observations are presented. The final column in this table indicates whether the pulsar has never been observed to glitch (N), has been detected to glitch during our observations (Y) or has been reported to glitch prior to our observations (P). Figure 1 shows the pulsars in our sample on the period-period-derivative (P -P ) diagram. The P andṖ data are from the ATNF Pulsar Catalogue 4 (Manchester et al. 2005) . The identification and modelling of glitch events will be introduced in detail in the following section.
DATA ANALYSIS
Off-line data reduction used the psrchive pulsar data analysis system (Hotan et al. 2004) . Each observation was summed in time, frequency and polarisation to form a total intensity pulse profile. In order to determine the pulse time-of-arrival (ToA), each of the total intensity profiles was cross-correlated with a high signal-to-noise ratio "standard" profile. Timing residuals were formed using the pulsar timing software package Tempo2 Edwards et al. 2006) , with the Jet Propulsion Laboratories (JPL) planetary ephemeris DE405 (Standish 1998) to correct the local ToAs to the solar-system barycentre. Each observed ToA was first referred to terrestrial time as realised by International Atomic Time and subsequently to Barycentric Coordinate Time. For each pulsar, Tempo2 was used to find a set of parameters that provided a phase-connected timing solution. The solution contains the pulse frequency ν and its first derivativeν. The pulse frequency second derivative was only fitted when a cubic structure in timing residuals could be seen after fitting for ν andν. In some cases, particularly for pulsars that had glitched or have large amounts of timing noise, it was not possible to obtain a phase-connected In order to obtain precise and accurate timing solutions (including glitch parameters), it is essential to have well-determined pulsar positions. For some pulsars, positions from the ATNF Pulsar Catalogue were insufficiently accurate and we therefore determined positions from our data. Initially, we obtained timing residuals using the positions (and proper motions) provided by the Catalogue. We fitted for these parameters using the "Cholesky" method that accounts for the effects of correlated noise . For each fit, we used the longest data span in which no glitch event was observed. The resulting positions were held fixed in subsequent processing.
Glitch events are recognised by a sudden discontinuity in the timing residuals relative to a solution based on earlier data. For glitches with a fractional size ∆νg/ν larger than ∼ 10 −6 , the residuals change by a large fraction of the pulse period in a few days and phase connection is normally lost as illustrated in sub-plot a) of Figure 2 . By analysing short sections of post-glitch data, phase coherence can normally be recovered and an approximate value for the frequency glitch ∆νg determined. As shown in sub-plot b) of Figure  2 , glitches with smaller fractional sizes, typically ∼ 10 −9 , have no loss of phase coherence over several hundred days and the post-glitch pulse frequency is easy to determine. Even smaller glitches, with ∆νg/ν ∼ 10 −10 , are often hard to distinguish from irregular timing noise and so the observed sample of these is incomplete. For each pulsar data set exhibiting a possible glitch, we used the glitch plugin of Tempo2 to determine the variations of the pulse frequency and its first time derivative as a function of time. The glitch plug-in realises this by carrying out a sequence of local fits for these two parameters to the timing residuals. Typically, we included five or six observations in each fit (spanning from about two to six months). After completing the sequence of local fits, a list of dates, pulse frequencies and pulse frequency derivatives are obtained for each glitching pulsar.
In Tempo2, the additional pulse phase induced by a glitch is described by Equation (121) in Edwards et al. (2006) 5 :
where the glitch event is modelled by an offset in pulse phase ∆φ and the permanent increments in the pulse frequency ∆νp and first frequency derivative ∆νp, in addition to a transient frequency increment ∆ν d which decays exponentially to zero with a timescale τ d . The phase offset ∆φ is needed to allow for uncertainty in the glitch epoch tg. An initial estimate of tg was taken to be halfway between the last pre-glitch observation and the first post-glitch observation. t 3 . Fits including τ d are more complicated. As Tempo2 implements only a linear fitting algorithm, it is necessary to have a good initial estimate for τ d . The estimate can be realised by two steps. In the first step, an estimate for τ d was obtained by eye by inspecting the post-glitchν variations. In the second step, the first-step value was introduced into the fitting. By increasing or decreasing τ d , one can eventually find a τ d which minimises the post-fit χ 2 . This τ d was determined as the estimate and subsequently included as part of the Tempo2 fit. We note that, when a fit included an exponential recovery, the post-glitch data range was selected to be larger than the recovery timescale, τ d . The changes in the pulse frequency and its first derivative at the glitch are then described as
and
with their uncertainties obtained using standard error propagation equations. In addition, a factor Q ≡ ∆ν d /∆νg can be defined, describing the fraction of glitch recovery. In a few cases, after following this procedure the timing residuals revealed a shorter-timescale exponential recovery. In these cases, the second exponential was fitted, initially holding the parameters of the first recovery fixed, and then finally fitting for all parameters of both recoveries. For some glitches, the glitch epoch could be determined by requiring that the pulse phase was continuous over the glitch, i.e., that ∆φ = 0. However, a unique solution is only possible when both the amplitude of the glitch and the interval between the last pre-glitch observation and the first post-glitch observation are small, such that ∆φ is less than one period between the bounding observations. For situations in which this was not possible, we checked the literature to determine whether a precise glitch epoch had already been published. If so, then we used the published epoch for the rest of the analysis. If not, the glitch epoch tg was kept at halfway between the last pre-glitch observation and the first post-glitch observation, with an uncertainty of half the observation gap. To take account of this uncertainty for the glitch parameters, we assume a linear dependence on the epoch for each of the glitch parameters. The fitting routine was carried out again with tg close to the epoch of the first post-glitch observation. A difference between the original and the new values for each parameter could then be obtained. The final uncertainty was then the quadrature sum of the parameter difference and its original uncertainty. For glitches that have a large epoch uncertainty and/or large exponential recoveries, the epoch uncertainty term generally dominates the final parameter uncertainties.
Slow glitches are difficult to recognise from timing resid-uals alone and are best identified in plots ofν versus time. Their identification is somewhat subjective and they cannot be fitted with standard glitch analyses. In this paper (in §5.3) we describe slow glitches detected in one pulsar, PSR J1539−5626.
RESULTS
The data sets for the 165 pulsars in the sample were processed, and 36 pulsars were observed to have glitched (indicated with a "Y" in the last column in Table 1 ). A total of 107 glitches were detected, among which 46 are new detections. We identified exponential recoveries for 27 glitches. A total of 22 previously published glitches are within our data span, but we were unable to identify these events. This is mainly because the sampling of our observations is often insufficient, such that glitches with a small fractional size (∆νg/ν < 10 −9 ) are hard to detect. For the same reason, only those exponential recoveries with a timescale between a few tens to a few hundred days are detectable; any exponential recoveries with a timescale shorter than a few tens of days are likely to have been missed. Table 2 gives the positions and proper motions in J2000 coordinate for each glitching pulsar. The positions for 28 pulsars are from the ATNF Pulsar Catalogue. As described in §3, we fit for the positions for a further eight pulsars. All of the proper motions are from the ATNF Pulsar Catalogue. Table A1 lists the pre-, inter-and post-glitch timing solutions for the glitching pulsars. For each pulsar, the table contains the pulsar name, the interval relative to glitch number, ν,ν,ν, reference epoch, fitted data span, number of ToAs, post-fit rms residuals, reduced χ 2 and the number of degrees of freedom for the least-squares fit. For pulsars with exponential post-glitch recoveries, to avoid contaminating the long-term post-glitch parameters, the start of post-glitch data span is at least two decay timescales from the glitch. These solutions include long-term timing noise and so are only valid within the fitted data range; they cannot be used for extrapolation. Table A2 contains the parameters for each observed glitch. The second column gives a reference number for each glitch and the glitch epochs are given in the third column. The fourth column indicates whether the glitch is new (N) or has been previously published (P). References for previously published glitches may be found in the web databases. For each glitch parameter, we give two uncertainties. The Tempo2 1 σ uncertainties are given in the first pair of parentheses. If inclusion of effect of the glitch epoch uncertainty made a significant difference, the final uncertainty is given in the second pair of parentheses. Note that errors refer to the last digit quoted. The number of observations, the fitted data span, the post-fit rms residuals and the reduced χ 2 and degrees of freedom are listed in columns 11, 12, 13 and 14, respectively.
In each of the sub-sections below, we describe the observed glitch events for each pulsar in more detail. In Figures  3 to 11 , for the 36 glitching pulsars, we show the evolution of pulse frequency and its first time derivative within our data span. For convenience, observed glitches are numbered as in Table A2 .
PSR J0729−1448
A data gap lasting for ∼ 6 yr exists in the data set of this pulsar. During our data span of the recent three years, this pulsar exhibited four glitches (see Figure 3) . The first three glitches were small (∆νg/ν ∼ 10 −8 ). The fourth glitch was significantly larger (∆νg/ν ∼ 6 × 10 −6 ). These glitch events have been reported by Weltevrede et al. (2010) and Espinoza et al. (2011a) . The Parkes data are unfortunately not well sampled. The three small glitches were identified with prior knowledge from Espinoza et al. (2011a) . For the same reason, it is impossible to evaluate the permanent change inν and other long-term parameters. Weltevrede et al. (2010) reported the large glitch that occurred at MJD 54711(21). Our analysis provides a more precise epoch of MJD 54681(9) which is consistent with Espinoza et al. (2011a) result of MJD 54687(3).
PSR J0742−2822 (PSR B0740−28)
In total, seven glitch events have been reported for this pulsar (D'Alessandro et al. 1993; Janssen & Stappers 2006; Espinoza et al. 2011a ). In Figure 3 , we present our 17-yr data span. No new glitches were detected. A glitch at MJD ∼ 55020 can clearly be seen. However, we were unable to detect the four small previously reported glitches covered by the data set. For the observed glitch, Espinoza et al. (2011a) gave ∆ν/ν = −0.372(96), corresponding to ∆ν = 225(58)×10 −15 s −2 . Our measurement ofν presented in Figure 3 and Table A2 shows ∆ν = −1.3(3)×10 −15 s −2 , despite the evident noise.
PSR J0834−4159
This pulsar was not previously known to glitch, but we identify a small glitch at MJD ∼ 53415. Figure 3 shows the 10-yr evolution of pulse frequency and pulse-frequency derivative of this source observed at Parkes. Both of the measured ∆ν andν exhibit noise.ν shows a small permanent change at the glitch event (Table A2 ). Our observations do not reveal any post-glitch relaxation process.
PSR J0835−4510 (PSR B0833−45)
The Vela pulsar has undergone 16 known glitch events over a period of ∼ 38 yr (for a complete list of these glitches, see the ATNF Pulsar Catalogue glitch table or the Jodrell Bank Glitch Catalogue). Thirteen have a fractional glitch size larger than 10 −6 . In Figure 3 , we present the variations of pulse frequency and its first derivative spanning the last ∼ 15 yr. Four glitches were detected. These events have been reported and analysed by Flanagan (1996) ; Wang et al. (2000) ; De Luca et al. (1999) ; Dodson et al. (2002 Dodson et al. ( , 2004 and Flanagan & Buchner (2006) .
As Figure 3 shows, these glitches are large, with ∆νg/ν > 2 × 10 −6 . Each of the post-glitch behaviours exhibits both exponential and linear recoveries. We attempted to model each of the glitches including both of the exponential and linear recoveries. Each of the glitches is discussed in more detail as below.
For glitch 1, Wang et al. (2000) reported an exponential At least in the long term, the post-glitch behaviour is dominated by the linear recovery ofν. This is superimposed on the shorter-term exponential decays and persists until the next glitch. As Table A1 shows, the observed values of ν representing the slope of this long-term linear recovery are relatively large for the Vela pulsar and also that they change signficantly after each glitch. Fitting for ∆νp along with the other glitch parameters was generally difficult. The superimposed timing noise and the shorter data spans used for the glitch fitting often led to values somewhat different to those obtained by differencing the long-term fits forν given in Table A1 or to an insignficant value. For example, glitch 3 has a fitted value of 304(23) × 10 −24 s −3 but the difference between the post-and pre-glitch values ofν in Table A1 is 491(7) × 10 −24 s −3 .
PSR J0905−5127
No glitch events have previously been reported for this pulsar. Figure 4 presents the evolution of ν andν observed at Parkes. The entire data span is ∼ 16 yr, but there exists a data gap lasting for ∼ 4 yr. Two glitch events were detected. Both are small, with a fractional glitch size ∼ 10 −8 . The available observations are not sufficient to study the post-glitch behaviour for glitch 1. For glitch 2, no significant post-glitch recovery was observed.
PSR J1016−5857
In Figure 4 , the variations of ν andν of this pulsar for ∼ 11 yr are shown. Two glitches were detected. They are similar with ∆νg/ν ∼ 2 × 10 −6 and ∆νg/ν ∼ 4 × 10 −3 . The different slopes ofν before and after glitch 1 imply a permanent change inν; fitting showed that ∆νp = 69(7) × 10 −24 s −3 , approximately consistent with theν values in Table A1 . For glitch 2, the available data are not sufficient to characterise the long-term post-glitch relaxations.
PSR J1048−5832 (PSR B1046−58)
For PSR J1048−5832, the evolution of ν andν spanning 20 yr is shown in Figure 4 . Wang et al. (2000) and Urama (2002) have published details for glitches 1, 2 and 3. Weltevrede et al. (2010) discovered glitch 6. We report here glitches 4 and 5 as new discoveries. Glitch 4 is large with ∆νg/ν ∼ 1.8 × 10 −6 , whereas glitch 5 is much smaller with a fractional size ∼ 2.5 × 10 −8 . As shown in Figure 4 , for these two glitches there is little evidence for exponential recoveries.
For glitches 2 and 3, Wang et al. (2000) included exponential terms to model the post-glitch behaviour; the time constants were assumed to be 100 d and 400 d, respectively. Urama (2002) observed glitch 3 with high observing cadence. Two exponential recoveries were detected; the timescales are 32(9) d and 130(40) d, respectively. As shown in Figure 4 , for both of the glitches 2 and 3, the post-glitchν variations exhibit significant noise. For glitch 2, our fitting for the exponential recovery showed Q = 0.026(6) and τ d = 160(43) d. We note that, for this glitch, because there is only one preglitch measurement ofν, so we are unable to measure the permanent change inν. For glitch 3, our fitting showed Q = 0.008(3) and τ d = 60(20) d. Table A1 shows signficant values ofν for all except glitch 2, with significant variations from glitch to glitch. On average, the values are about an order of magnitude smaller than those for the Vela pulsar.
PSR J1052−5954
The available data set for this pulsar contains a data gap of ∼ 6 yr. Figure 4 shows the evolution of ν andν after the data gap. The detected glitch at MJD ∼ 54495 was reported by Weltevrede et al. (2010) . An exponential relaxation and a significant permanent increase in spin-down rate |ν| can be identified in the post-glitch data. Fitting to the timing residuals indicated that ∼ 0.067 of the glitch recovered in ∼ 46 d.
PSR J1105−6107
Three glitch events have previously been identified for this source (Wang et al. 2000; Weltevrede et al. 2010 ). In Fig- ure 5, we present the evolution of ν andν for ∼ 16 yr of this pulsar. We confirm the previously detected glitches 1 and 3 (Wang et al. 2000; Weltevrede et al. 2010) . Wang et al. (2000) reported a small glitch occurred at MJD ∼ 50610. However, we found that the timing behaviour of this source around this epoch is more likely to be dominated by timing noise. We report new glitch events as glitches 2 and 4. As shown in Figure 5 , the post-glitch behaviour is noisy and no exponential recoveries were observed. There appears to be a persistent increase in |ν| at the time of each of glitches 1, 2 and 3. For glitch 4, the available data span is not adequate to study the post-glitch behaviour.
PSR J1112−6103
As shown in Figure 5 , two large glitch events were detected in this pulsar, with ∆νg/ν ∼ 10 −6 . For glitch 1, the observed variations ofν indicate a large change inν; fitting gave ∆νp ∼ 240 × 10 −24 s −3 . No exponential recovery was observed for this glitch. For glitch 2, a long-term exponential relaxation was observed, which is characterised by Q ∼ 0.022 and τ d ∼ 300 d.
PSR J1119−6127
For PSR J1119−6127, Figure 5 shows the evolution of the observed pulse frequency and its first derivative spanning ∼ 13 yr. Three glitches were observed. The first is small with ∆νg/ν ∼ 4 × 10 −9 as was reported by Camilo et al. (2000) . The second and third glitches are much larger and were studied in detail by Weltevrede et al. (2011) . Our results are generally consistent with theirs.
PSR J1301−6305
Figure 5 shows the evolution of ν andν for PSR J1301−6305 over ∼ 11 yr. We detected two large glitch events. Glitch 1 has ∆νg/ν ∼ 4.6 × 10 −6 and for glitch 2 the fractional frequency change is about half this. For glitch 1, an exponential recovery was identified; fitting gave Q ∼ 0.0049 and τ d ∼ 58 d. As shown in Figure 5 , the pre-and post-glitch intervals show clear linear recoveries. As Table A1 indicates, theν values are all ∼ 250 × 10 −24 s −3 . Because of timing noise, we were unable to fit for the ∆νp changes at the glitches.
PSR J1341−6220 (PSR B1338−62)
This pulsar is well known to have frequent glitches Wang et al. (2000) and Weltevrede et al. (2010) have reported 14 glitches. Figure 6 shows the evolution of ν andν for ∼ 16 yr, where a total of 17 glitches are presented. We report here the new detections of nine glitch events. For glitch 6, an exponential decay with Q ∼ 0.0112 and τ d ∼ 24 d was detected. Unfortunately, for the other glitches the observations are insufficient to study the post-glitch behaviour.
PSR J1412−6145
PSR J1412−6145 has not previously been known to glitch. Here, we report the discovery of a large glitch with ∆νg/ν ∼ 7.2 × 10 −6 that occurred at MJD ∼ 51868. As shown in Figure 6 , there was a clear exponential recovery with timescale ∼ 60 d, a significant increase in |ν| at the time of the glitch and a slow linear recovery of part of this increase.
PSR J1413−6141
Figure 6 presents seven new glitch events detected in this pulsar over a 12.6-yr data span. Among these events, three are small (∆νg/ν ∼ 10 −8 ), while the other four are larger, with a fractional size 10 −6 . Exponential post-glitch recoveries are not observed for these glitches. Significant values ofν are seen after each of the latest four glitches (cf. Table A1). We were able to fit for ∆νp for glitch 4, giving a value of 491(42) × 10 −24 s −3 ; this is consistent with the difference between the post-and pre-glitch solutions forν, which is 457(40) × 10 −24 s −3 .
PSR J1420−6048
Figure 6 shows that five glitch events were observed in this pulsar. Glitch 4 was first reported by Weltevrede et al. (2010) . All of these glitches are large, with ∆νg/ν ∼ 10 −6 . The post-glitch slow-down rates exhibit linear decays, and changes inν are observed (Tables A1 and A2 ). For glitch 2, an exponential recovery was measured, with obtaining Q ∼ 0.008 and τ d ∼ 99 d. For glitch 5, the available data are not sufficient to study the post-glitch behaviour.
PSR J1452−6036
This pulsar was not previously known to glitch. Since the end of the Multibeam Survey timing (Kramer et al. 2003) , no observations were made until the start of the Fermi project. Hence, a data gap lasting for ∼ 5 yr exists. Figure 7 shows the evolution of ν andν. A small glitch event with ∆νg/ν ∼ 3 × 10 −8 was detected at MJD ∼ 55055. The available data are not adequate to study the post-glitch behaviour.
PSR J1453−6413 (PSR B1449−64)
No glitch event has previously been reported for this pulsar. Figure 7 shows the evolution of ν andν for ∼ 12 yr. We detected a very small glitch with ∆νg/ν ∼ 3 × 10 −10 . We cannot comment on the post-glitch behaviour since the data are insufficient.
PSR J1531−5610
PSR J1531−5610 was not previously known to glitch. Figure  7 shows a large glitch event at MJD ∼ 51730, detected by Parkes timing. As in PSR J1412−6145, this glitch has an exponential recovery, an offset inν at the time of the glitch and a slow linear recovery. Our fitting of the exponential term showed that ∼ 0.007 of the glitch recovered within a timescale of ∼ 76 d and the long-termν is ∼ 20 × 10 −24 s −3 (Table A1 ).
PSR J1614−5048 (PSR B1610−50)
PSR J1614−5048 has been observed at Parkes for ∼ 20 yr. As shown in Figure 7 , two glitches were detected. Both of the events are large, with ∆νg/ν > 6 × 10 −6 . This pulsar exhibits remarkable timing noise; the large-scale fluctuations inν reflect this. As a result, phase-connected timing residuals cannot be obtained for the entire data range between the two glitch events. We thus report the timing solutions for this data span in two sections (see Table A1 ). Glitch 1 has previously been reported by Wang et al. (2000) ; our results for ∆νg/ν and ∆νg/ν are consistent with theirs. Glitch 2 is a new detection. Values ofν given in Table A1 show significant variations, but these are likely to be contaminated by the timing noise. Despite the noise, there does appear to be a signficant linear recovery after glitch 1 witḧ ν ∼ 200 × 10 −24 s −3 .
PSR J1646−4346 (PSR B1643−43)
Figure 8 presents the evolution of ν andν for this pulsar for ∼ 16 yr. A glitch event was detected at MJD ∼ 53875. This is the first reported glitch for this pulsar and it has a fractional size ∼ 8.8 × 10 −7 . There is a clear linear recovery from a presumed earlier glitch before the observed glitch.
PSR J1702−4310
This pulsar was not previously known to glitch. Here, as shown in Figure 8 , we report our discovery of a glitch event. Our observations suggest both exponential and linear decays following the glitch and a linear decay with almost the same slope preceding the glitch. Fitting for the exponential decay gave Q ∼ 0.023 and τ d ∼ 96 d. A data gap of ∼ 3 yr exists in the pre-glitch data span. However, there is little period noise and no phase ambiguity across this gap.
PSR J1709−4429 (PSR B1706−44)
In Figure 8 , we present the evolution of ν andν of this pulsar for ∼ 20 yr. Four glitches were detected. These glitches are large, with ∆νg/ν > 1 × 10 −6 . Johnston et al. (1995) and Weltevrede et al. (2010) have reported glitches 1 and 4, but no post-glitch recoveries were reported. As Figure 8 shows, all four glitches show significant post-glitch recoveries, most with both exponential and linear components. Dramatic slope changes in the linear recoveries are seen after each glitch (Table A1) . Just a small fraction of each glitch recovers exponentially, with time constants ∼ 100 d (Table A2 ).
PSR J1718−3825
This pulsar was not previously reported to glitch. Figure  8 shows the evolution of ν andν for ∼13 yr. A glitch was detected at MJD ∼ 54910. This event is small with ∆νg/ν ∼ 2 × 10 −9 .
PSR J1730−3350 (PSR B1727−33)
Two glitch events that occurred at MJDs ∼ 48000 and ∼ 52107 were previously detected for this pulsar (Johnston et al. 1995; Espinoza et al. 2011a ). Both are large, with ∆νg/ν > 3 × 10 −6 . Figure 9 shows the MJD ∼ 52017 glitch. There is a clear linear recovery following the glitch and a small exponential recovery with Q ∼ 0.01 and timescale of ∼ 100 d. 
PSR J1737−3137
Since the end of the Multibeam Pulsar Survey timing (Morris et al. 2002) , this source was not observed until the commencement of the Fermi project, leaving a data gap of ∼ 7 yr. Three glitches have been reported for this pulsar (Weltevrede et al. 2010; Espinoza et al. 2011a) . We detected the most recent glitch (Figure 9 ). This glitch is large, with ∆νg/ν ∼ 10 −6 . There is evidence for a signficant change inν at the time of the glitch, and maybe exponential and linear recoveries, but the available data are insufficient to be sure.
PSR J1740−3015 (PSR B1737−30)
PSR J1740−3015 is one of the most frequently glitching pulsars known. Previously, a total of 31 glitches were detected over a 25-yr data span. ). However, because of the frequent glitching and the relatively poor sampling of our observations, only five major glitches can be detected. The first four have been published. Glitch 5 is a new detection; it has a fractional size of ∼ 2.7 × 10 −6 , which is the largest ever seen in this pulsar. Linear recoveries are seen after most of the large glitches, including glitch 5, but we have no evidence for exponential recoveries. If such recoveries exist, they must have timescales of less than a few tens of days.
PSR J1801−2304 (PSR B1758−23)
PSR J1801−2304 has been found to have suffered nine glitches in ∼ 24 yr (Kaspi et al. 1993; Shemar & Lyne 1996; Wang et al. 2000; Krawczyk et al. 2003; Yuan et al. 2010a; Espinoza et al. 2011a) . Figure 10 presents the variations of ν andν for ∼ 20 yr, where eight glitches are shown, the last being a new discovery. This is a small glitch, with a fractional size ∼ 4 × 10 −9 . For glitch 4, Wang et al. (2000) fit it with an exponential recovery, assuming the timescale to be 100 d. However, as shown in Figure 10 , our observations suggest that a linear recovery withν ∼ 40 × 10 −24 s −3 (Table A1) linear recoveries but there may be exponential recoveries as well Wang et al. 2000) . In this work, we fit exponential recoveries for glitches 3 and 5. 
PSR J1803−2137 (PSR B1800−21)
PSR J1803−2137 is very similar to PSR J1801−2451 in its timing properties with a characteristic age of 15 kyr. Four glitches have been detected in this pulsar (Shemar & Lyne 1996; Wang et al. 2000; Krawczyk et al. 2003; Yuan et al. 2010a; Espinoza et al. 2011a) . Figure 10 shows the two glitches detected in this work. Both of these show clear longterm linear recoveries with a very similar slope (Table A1) 
PSR J1809−1917
This pulsar has previously been reported to glitch once (Espinoza et al. 2011a ). Figure 10 shows the evolution of ν andν for ∼ 12 yr. The glitch is large, with ∆νg/ν ∼ 1.6 × 10 −6 . Both exponential and linear recoveries can clearly be seen in our observations. Fitting showed that the exponential recovery is characterised by Q ∼ 0.006 and τ d ∼ 125 d. A linear recovery, presumably from an earlier glitch, is also seen before the glitch. The recovery after the observed glitch is slightly less steep, but both haveν ∼ 35 × 10 −24 s −3 .
PSR J1825−0935 (PSR B1822−09)
So far, eight glitches have been detected for this pulsar; six were identified as "slow" glitches (Zou et al. 2004; Shabanova 2007; Yuan et al. 2010a; Espinoza et al. 2011a ). Lyne et al. (2010) have shown that these "slow" glitches probably are a manifestation of "two-state" magnetospheric switching. Figure 11 presents our observations of the evolution of ν andν for ∼ 9 yr. During this period, this pulsar was found to undergo three slow glitches (Zou et al. 2004; Shabanova 2007; Yuan et al. 2010a ). Because of insufficient observations, these slow glitches were missed in our data. By using the available data, we were able to identify a "normal" glitch with ∆νg/ν ∼ 1.3×10 −7 . However, a data gap of ∼ 500 d exists shortly after this glitch, making it impossible to study the post-glitch behaviour. This glitch was observed in more detail by the Xinjiang group (Yuan et al. 2010a ). 
PSR J1826−1334 (PSR B1823−13)
Five glitch events have been reported for this pulsar (Shemar & Lyne 1996; Yuan et al. 2010a; Espinoza et al. 2011a) . Figure 11 presents the evolution of ν andν for ∼ 13 yr. For glitch 1, our last pre-glitch observation was at MJD ∼ 53186, and the first post-glitch observation was at MJD ∼ 53279. Espinoza et al. (2011a) showed that there are actually two small glitches in this interval. One was at MJD ∼ 53206, with ∆νg/ν ∼ 0.6 × 10 −9 and the other was at MJD ∼ 53259, with ∆νg/ν ∼ 3 × 10 −9 . The much larger glitch 2 was also observed by both Yuan et al. (2010a) and Espinoza et al. (2011a) . We detected an exponential recovery for this glitch, characterised by Q ∼ 0.007 and τ d ∼ 80 d. Figure 11 shows the evolution of ν andν for PSR J1835−1106 over about 10 yr. A small glitch with ∆νg/ν ∼ 1.6 × 10 −8 was detected at MJD ∼ 52220. This event was also observed by Zou et al. (2004) and Espinoza et al. (2011a) . As shown in Figure 11 , the postglitch frequency residuals exhibit a cubic structure, indicating a measurable ... ν ; fitting showed that this term is 1.58(13)×10
PSR J1835−1106
−31 s −4 . These signficant higher-order frequency derivatives indicate the presence of noise processes in the pulsar rotation. It is possible that this pulsar also has a two-state magnetospheric modulation affecting the value oḟ ν (Lyne et al. 2010 ).
PSR J1841−0524
This pulsar has been found to undergo three glitches (Espinoza et al. 2011a ). The first two are small, with ∆νg/ν 2 × 10 −9 . The latest one is large, with ∆νg/ν ∼ 10 −6 . Parkes data have a gap, spanning from MJD ∼ 52570 to MJD ∼ 53619. As a result, the MJD ∼ 53562 glitch was missed. Figure 11 presents the evolution of ν andν for the past five years. At least for glitch 2, the post-glitch behaviour exhibits a linear recovery.
DISCUSSION
We have searched for glitch events in the timing residuals of 165 pulsars. Out of these, 107 glitches were identified with 46 new discoveries. Most of these new discoveries occur for southern-hemisphere pulsars that cannot be observed by the long-term monitoring programmes carried out in the northern hemisphere. Because of the relatively large gaps between many of our observations, there are 22 known glitches that are undetectable in our data sets. These missed glitches generally have fractional sizes ∆νg/ν between 10 −10 and 10 −9 . The measurement of ∆νg is also very dependent on the data sampling as short-term transients can easily be missed or underestimated and in some cases our results differ from those in the literature.
In general, the post-glitch behaviour shows two types of recovery: a short-term exponential recovery (characterised by Q and τ d ) and a longer-term linear recovery inν (characterised byν). Both can be identified by inspecting the evolution ofν. In most cases, we have insufficient observations to study any exponential recoveries with timescale 20 d. Most such short-term exponential recoveries will have been missed. However, we found that 27 glitches do show measurable post-glitch exponential recovery with time constants between 12 d and 300 d. For more than 90% of the observed glitches, values of post-glitchν, indicating a linear recovery inν, were obtained. For many of these, theν slope was similar before and after the glitch, so the value of ∆νp was not significant. For 13 glitches, the slope change was larger and a significant value for ∆νp was obtained.
The discovery of 46 new glitches allows further study on the distribution of glitches and their post-glitch behaviour. The discussion on these two aspects is presented in §5.1 and §5.2 respectively.
The distribution of glitches
In Figure 12 , the upper panel is a histogram of the fractional glitch size ∆νg/ν. Our results reinforce the bimodal distribution of the observed fractional glitch sizes previously reported by numerous authors (e.g., Wang et al. 2000; Yuan et al. 2010a; Espinoza et al. 2011a ). The first peak in this distribution lies around 2 × 10 −9 and the second around 10 −6 . Our observations mainly contribute to the second peak. Because of our rather infrequent sampling, it is very difficult for us to detect glitches with ∆νg/ν 10 −9 .
As noted by Espinoza et al. (2011a) and others, the left edge of the distribution is strongly limited by observational selection. The actual number of small glitches could be large and the lower peak in Figure 12 may not even exist in the intrinsic distribution. However the dip at ∆νg/ν ∼ 10 −7 is clearly real and suggests that there may be two mechanisms that can induce a glitch event. As previously mentioned in §1, it has been proposed that starquakes caused by the cracking of stellar crust may generate small glitches, whereas large glitches may result from the sudden transfer of angular momentum from a crustal superfluid to the rest of the star.
The fractional glitch size is affected both by the size of the glitch and the pulse frequency of the pulsar. In the lower panel of Figure 12 , we plot a histogram of the frequency jump ∆νg. As shown in the figure, the distribution of ∆νg also has a bimodal distribution or at least has a dip between the large and small glitches. It is interesting that the peak for large glitches is much narrower in ∆νg than it is in ∆νg/ν, whereas the converse is true for the lower-frequency peak. A large fraction of the peak at the high end comes from just two pulsars, PSR J0537−6910 (Middleditch et al. 2006 ) and the Vela pulsar. These two pulsars have frequent glitches and most of them have ∆νg ∼ 20 µHz. The pulse frequencies however differ by a factor of about six. Figure 13 shows the time sequence of glitch fractional sizes for seven pulsars where ten or more glitches were detected. This figure shows that the bimodal distribution of glitch sizes may be seen in individual pulsars as well. For example, most glitches in PSR J0537−6910 and the Vela pulsar (PSR B0833−45) are large and similar in amplitude, but much smaller glitches were occasionally seen. Although not quite so clear, similar behaviour is seen in PSRs J1341−6220, J1740−3015, J0631+1036 (many small glitches and only one large glitch) and J1801−2304. It is evident from Figure 13 that we detected fewer small glitches in PSR J1341−6220 compared to earlier results. This may be because the frequent occurrence of larger glitches obscured some small glitches in our data set which is not as well sampled as the earlier ones.
In Figure 14 , we show a set of period-period-derivative (P -Ṗ ) diagrams to present six quantities relevant to glitches. For previously published glitches, we refer to the ATNF Pulsar Catalogue glitch table. The six plotted quantities are a) the number of glitches detected in a given pulsar Ng, b) the average number of glitches per yearṄg, c) the fractional glitch size ∆νg/ν, d) the glitch size ∆νg, e) the rms glitch fractional size and f) the rms fractional size normalised by the mean value for that pulsar. For sub-plots c) and d), if a pulsar has glitched more than once, then the largest value is plotted. In each P -Ṗ diagram, the size of the symbols (circle or triangle) is a linear function of the magnitude of the given quantity; we adjusted the slopes and offsets for the different functions to give appropriate sizes for the symbols. Table A3 gives the number of detected glitches Ng, the observation data span and the rate of glitches for known glitching pulsarsṄg. The uncertainty of the glitch rate was estimated as the square-root of Ng divided by the data span.
We discuss these results in the following subsections.
The number and rate of glitches
Large numbers of glitches were observed in the pulsars with characteristic ages between 10 3 and 10 5 yr; the seven pulsars that have been observed to show ten or more glitches are within this age region. If magnetic-dipole radiation is assumed, then the inferred surface magnetic field for the seven pulsars spans from ∼10 12 to ∼10 13 G. But there are some young pulsars that have not been observed to glitch, although they also have relatively long data spans. For instance, PSR J1513−5908 has a characteristic age of ∼1.5 kyr; it is the youngest pulsar in our sample of 165 pulsars. This pulsar has been observed for more than 28 years (Livingstone & Kaspi 2011) with no evidence for any glitch activity. On the other hand, PSR J1119−6127 has a similar characteristic age of ∼1.6 kyr and three glitches have been observed in its ∼13-yr timing data span.
The 23 glitches observed for PSR J0537−6910 oc- curred in ∼7.6 yr, resulting in a large glitch rate of ∼3.0 yr −1 ; this pulsar is the most frequently glitching pulsar known. The second most frequently glitching pulsar is PSR J1740−3015. This pulsar has 32 glitches in ∼25 yr, giving a glitch rate of ∼1.3 yr −1 . As shown in sub-plot b) of Figure 14 , the positions of these two pulsars on the P -Ṗ diagram are quite different: the pulse period for PSR J0537−6910 is about a factor of 40 less than that of PSR J1740−3015 andṖ is about an order of magnitude smaller. Hence the two pulsars are both relatively young, with characteristic ages of 5 kyr and 20 kyr respectively. The dipole magnetic field strength of PSR J1740−3015 is more than an order of magnitude stronger than that of PSR J0537−6910. We found that PSRs J0729−1448, J1341−6220 and J0922+0638 also exhibit glitches more than once per year. For PSR J1341−6220, the Parkes observations have detected 25 glitches during ∼20 yr. PSR J0729−1448 has glitched four times during its data span of ∼3.3 yr. For PSR J0922+0638, one glitch has been detected in a data span of just one year (Shabanova 2010) , so the inferred high glitch rate is very uncertain. On the P -Ṗ diagram, the characteristc-age lines of 10 3 and 10 5 yr together with the magnetic-field lines of 10 12 and 10 13 G define a region where pulsars are observed to exhibit more glitches and large glitch rates.
Glitch sizes
As shown in sub-plot c) in Figure 14 , large fractional glitch sizes ∆νg/ν are generally observed in young pulsars with long periods (i.e., small ν). The largest known, ∼ 3.3×10 −5 , was detected in PSR J1718−3718 which has a pulse period of 3.38 s ) but a characteristic age of only 34 kyr and an inferred dipole field strength of 7.4 × 10 13 G, one of the highest known for radio pulsars. Magnetars detected at X-ray wavelengths are also known to suffer large glitches and have long pulse periods and even higher inferred dipole fields. For example, PSR J1048−5937 (1E 1048.1−5937) and PSR J1841−0456 (1E 1841−045) are both X-ray detected magnetars which have had glitches with ∆νg/ν > 10 −5 (Dib et al. 2008 (Dib et al. , 2009 ). Not surprisingly, the absolute frequency jumps ∆νg tend to be larger for the shorter-period (larger ν) pulsars since they are not normalised by ν. Sub-plot d) of Figure 14 shows the distribution of ∆νg values on the P -Ṗ diagram confirming this expectation. The largest frequency-jump was observed in the 24-ms pulsar J2022+3842; the pulse frequency of this source gained ∼78 µHz in its MJD ∼54675 glitch (Arzoumanian et al. 2011) . Sub-plot d) of Figure 14 also shows that the glitch size ∆νg is also correlated with characteristic age. Pulsars with young ages tend to have larger jumps, but this correlation breaks down for the very young pulsars such as the Crab pulsar (PSR B0531+21) and PSR J1513−5908.
Glitch variability
Sub-plot e) of Figure 14 shows the rms fluctuation in fractional glitch sizes. The magnetars PSR J1048−5937 (1E 1048.1−5937) and PSR J1841−0456 (1E 1841−045) show a wide range of glitch sizes, with ∆νg/ν ranging from ∼ 1.4 × 10 −6 up to ∼ 1.6 × 10 −5 . Although most of the glitches in the Vela pulsar are large, there have been two small glitches (see Figure 13 ) and so the rms fluctuation of glitch size is relatively large. After the magnetars, large rms variations are found in the high-magnetic-field radio pulsar J1119−6127 and PSR J1838−0453. There seems a tendency for more variability in glitch size in older pulsars. This is also seen in sub-plot f) where the rms fluctuation has been normalised by the mean value to give an effective "modulation index" for glitch size fluctuations. However, this conclusion is not very certain as only a small number of glitches were detected in PSR J1838−0453 and some other pulsars. Also, the results may be biased by the difficulty in detecting small glitches in noisy pulsars. In sub-plot f) there is more scatter in this plot though with the Crab pulsar being more prominent because of its relatively small mean glitch size.
Implications for neutron-star physics
In the angular-momentum-transfer model, a glitch is understood as a sudden transfer of angular momentum from a more rapidly rotating interior superfluid to the neutron star crust (e.g., Alpar et al. 1981) . The angular momentum of a rotating superfluid is carried by an array of vortices; each vortex contains a quantised unit of angular momentum. In principle, if the rotation of a superfluid is slowing down, then the surface density of the vortices will be decreasing, or, in other words, the vortices will migrate away from the rotation axis. However, in the solid crust of a neutron star, the vortices of the neutron superfluid tend to pin onto the nuclear lattice (Alpar 1977; Epstein & Baym 1988) . The pinning between the vortices and the crystal lattice will not be broken until the force induced by the differential rotation (or the "Magnus" force) between the superfluid and the crust reaches a critical value, beyond which an avalanche process of unpinning and a substantial transfer of angular momentum could be triggered.
Sub-plots c) and d) of Figure 14 shows that large glitches, either relative or absolute, are mostly confined to the pulsars with characteristic ages smaller than 10 5 yr. The largest fractional glitch sizes are observed in long-period, low-ν pulsars. This suggests that a larger fraction of the excess angular momentum of the superfluid is transferred to the crust in these pulsars. For very young pulsars such as the Crab pulsar, glitch sizes are much smaller and somewhat less frequent. For a very young neutron star, as the result of the internal high temperature, the superfluid vortices could creep against the pinning energy barrier, preventing the formation of pinning zones and the sudden release of pinned vortices (Alpar et al. 1984a ). Ruderman et al. (1998) have suggested that, because of tangling of the vortices and magnetic flux tubes, as the neutron star spins down the core flux-tubes are pulled by the vortex lines, moving toward the stellar equator. The moving core flux-tubes lead to a buildup of the shear stress in the stellar crust (Srinivasan et al. 1990) . Once the stress grows to exceed the yield strength of the crust, then the consequent cracking of the stellar surface may cause small period jumps in the rotation of the neutron star (Ruderman 2009 ). This could be the mechanism for the observed small glitches in the Crab and other pulsars such as Vela and PSR J1740−3015. It is also possible that such Table A4 , while the shaded bars show values from this work.
processes may trigger the large-scale release of angular momentum needed for glitches with large fractional glitch sizes.
Glitch recoveries
Pulsars show a variety of behaviours following a glitch. Part of the step change in both ν andν often recovers exponentially, in some cases with more than one identifiable time constant. Following this exponential recovery, a linear increase inν (decrease in slow-down rate |ν|) is often observed. Normally this continues until the next glitch. Finally, apparently permanent changes in ν,ν and/orν are sometimes left after the transient recoveries. We searched for evidence of these different types of recovery in all 107 observed glitches.
Exponential recoveries
In our sample, 27 glitches in 18 pulsars had an identifiable exponential recovery. The observed fractional recovery Q and recovery time constant τ d for these glitches are given in Table A2 . All but two of the exponential recoveries are well modelled by a single exponential term. Two exponential terms were required for glitch 3 in PSR J1119−6127 and glitch 1 in PSR J1803−2137. The largest Q ∼ 0.84 was detected in glitch 2 in PSR J1119−6127. Table A4 summarises the parameters for the previously reported exponential recoveries. Multiple decays were observed for three pulsars, the Crab pulsar, the Vela pulsar and PSR J2337+6151. However, the strong observational selection against observing short-term recoveries in most pulsars needs to be recognised.
6 Figure 15 shows the histogram of the fractional exponential recoveries Q. The observed values span a very wide range from the smallest ∼0.00014 observed in PSR J1841−0425 (Yuan et al. 2010a ) to the largest ∼8.7
6 Note that we do not consider the 1.2-min recovery observed after the Vela MJD 51559 glitch by Dodson et al. (2002) for two reasons: a) the parameters of the recovery are very uncertain and b) it is unique in that such short timescale recoveries cannot be observed for any other known pulsar.
recently detected in the young X-ray pulsar J1846−0258 (Livingstone et al. 2010 ). The histogram is clearly bimodal with a broad peak around 0.01 and another very close to 1.0. This strongly suggests that there are two different mechanisms for the exponential recovery following a glitch.
To further explore the properties of the exponential recoveries, all known values of Q and τ d are shown in Figure  16 as a function of the fractional glitch size ∆νg/ν, the pulsar characteristic age and the surface magnetic-dipole field. In sub-plot a), it is striking that glitches with Q ∼ 1 are found over the whole range of fractional glitch sizes, whereas those with small Q are only found in the larger glitches with ∆νg/ν 10 −6 . Because of random period irregularities, it will be difficult or impossible to detect exponential recoveries in many small glitches with ∆νg/ν 10 −8 . However, such decays should be detectable in most glitches with ∆νg/ν ∼ 10 −7 . Therefore there appears to be a real absence of exponential recoveries with Q ∼ 0.01 for glitches with ∆νg/ν 3 × 10 −7 . It is also worth noting that, for many glitches, both large and small, no exponential recovery is detected (Table A2) , so effectively Q ∼ 0 in these cases. These results suggest that the real physical distinction between pulsars with large glitches and those with small glitches (cf. Figure 12 ) is more complex with the glitch recovery parameter also being important.
Unlike Q, the distribution of the time constant τ d relative to ∆νg/ν shown in sub-plot b) is more uniform with decay timescales from a few days to a few hundred days seen in glitches of all sizes.
Sub-plot c) of Figure 16 shows that the large-Q glitch recoveries are observed in both young and old pulsars, whereas the large glitches, which have low Q, are not seen in the very young pulsars. As discussed above, the large glitches primarily occur in pulsars with characteristic ages between 10 4 and 10 5 years. Sub-plot d) gives some support to the suggestion of Yuan et al. (2010a) that there is a positive correlation of τ d with pulsar characteristic age. There is a clear absence of short-term decays for the older pulsars that cannot be accounted for by observational selection. Sub-plots e) and f) show the dependence of Q and τ d on surface dipole field strength. Since this is derived from P andṖ , as is the characteristic age, it is not surprising that these plots show basically the same dependences as subplots c) and d). However, they do highlight the fact that the magnetars, with Bs 10 13 G, have high-Q glitch recoveries Dib et al. 2008; Gavriil et al. 2011) . The largest observed Q ∼ 8.7, indicating a massive over-recovery, was detected in the young X-ray-detected but spin-powered pulsar PSR J1846−0258, which has an intermediate period, ∼0.326 s, a very high implied dipole magnetic field, Bs ∼ 5 × 10 13 G and is located near the centre of the supernova remnant Kes 75 (Livingstone et al. 2010 ).
Linear recovery
It has been well recognised that the long-term recovery from a glitch is generally dominated by a linear increase inν, that is, a linear decrease in the slow-down rate |ν| or, equivalently, inṖ (Downs 1981 Yuan et al. 2010a ). This effect is clearly seen in most of theν plots given in Figures 3 -11 , especially for the larger glitches. The linear trend normally becomes evident at the end of the exponential recovery and persists until the next glitch event. In cases where the exponential recovery is absent or has very low Q, e.g., PSR J1301−6305 ( Figure 5 ) the linear recovery begins immediately after the glitch. The rate of increase inν is quantified by fitting for ν in the pre-, inter-and post-glitch intervals following the decay of any exponential recovery. Values ofν obtained in this way are given in Table A1 and are plotted in Figure 17 for 32 pulsars. No significantν value was obtained for four glitching pulsars, in most cases because available data spans were too short. Of the 108ν values plotted, 11 are negative.
These are for pulsars where timing noise is relatively strong and/or the available data spans are short.
There is no doubt that these linear increases inν are related to internal neutron-star dynamics and recovery from glitches. Firstly, the value ofν often changes at the time of a glitch. Clear examples of slope changes at glitches are seen for the Vela pulsar (Figure 3) , PSR J1420−6048 (Figure 6 ) and PSR J1709−4429 (Figure 8) . In other cases however, e.g., PSR J1301−6305 ( Figure 5 ) and PSR J1803−2137 (Figure 10 ), there is little or no slope change at a glitch. Secondly, although a positive value ofν is expected from normal magnetospheric braking, the observed values are generally much larger. Pulsar braking is normally described by the braking index n, defined by
where n = 3 for magnetic-dipole braking. This relation is shown in Figure 17 assuming n = 3 and for a typical young pulsar with ν = 10 Hz. The magnetospheric or external contributionνext is well below the observed values. Observed braking indices attributable to magnetospheric braking are generally less than 3.0 (e.g., Espinoza et al. 2011b ) which increases the discrepancy. However, for young long-period pulsars, the discrepancy is less. For example, PSR J1119−6127 has a value ofν for magnetic-dipole braking comparable to the minimum observed values (Table A1 ) and its braking index is close to 3.0 (Weltevrede et al. 2011) . However, there are significant changes inν at the glitches in this pulsar, with the largest observed value being more than a factor of two higher. So even in this case, it is clear that glitch-related phenomena contribute to theν value. Figure 18 shows the change in slope of the linear recoveries at glitches, ∆ν, as a function of slow-down rate |ν| and glitch fractional size. Sometimes ∆ν is solved for as part of the glitch fit (Table A2 ), but often the data spans used for this are too short to define ∆ν well. Therefore, in order to enlarge the sample as much as possible, we took the difference inν between each pair of the pre-and post-glitch solutions given in Table A1 . We found that, out of the available 66 values, 35 are positive (53%) and 31 are negative (47%) in accordance with our expectation that the positive and negative changes would be approximately evenly balanced. Panel a) further illustrates that the changes are comparable in magnitude to theν values plotted in Figure 17 , implying that the amount of additional braking can change dramatically at a glitch. Panel b) shows that the amount of change is not strongly dependent on the glitch size, with both large and small glitches inducing a wide range of slope changes relative to theν value. Since large glitches usually occur in relatively young pulsars, most of which have a large |ν| (cf. Figure 14, panel d) , it is not surprising that the largest values of ∆ν occur in glitches with large ∆νg/ν. Alpar et al. (1984a Alpar et al. ( ,b, 1993 have suggested that the observed different types of glitch recoveries are a manifestation of "vortex-capacitive" and "vortex-resistive" regions in the interior superfluid. For the former, the vortices decouple from the normal spin of the crust in a glitch but only share angular momentum at the time of the glitch, whereas for the latter, the vortices drift via a continuous pinning and unpinning, continuously coupling their angular momentum to the crust. At a glitch, the vortices in the resistive zones unpin and then gradually repin until the next glitch, resulting in the observed exponential and linear recoveries inν. The resistive region may contain several sub-layers, some of which may have a linear response and others a non-linear response to the glitch. In this context, a linear response means that the amplitude of the associated exponential recovery toward the steady state is proportional to the perturbation in the angular velocity of a particular sub-layer at the time of a glitch. This occurs when the internal termperature is high compared to the pinning energy and the differential angular velocity between the superfluid layer and the crust is small (Alpar et al. 1993 ). On the other hand, in outer layers where the temperature is low compared to the pinning energy, the equilibrium lag is large and the response is not linear with the angular-velocity perturbation. Equilibrium is generally not reached before the occurence of the next glitch and there is an effectively linear increase inν.
Implications for neutron-star physics
Following Alpar et al. (1993) , we label the linearresponse layers that are responsible for the exponential recoveries, i = 1, 2, ..., with moments of inertia Ii, and the nonlinear response layer, responsible for the linear recovery inν, layer A with moment of inertia IA. For the exponential recoveries, the decaying part of ∆ν is
where I is the total moment of interia of the star. For the large glitches, the median observed value of Q is about 0.01 (Figure 16a) showing that the linear-response superfluid layers contain about 1% of the total moment of inertia. The situation is clearly different for the pulsars for which Q ∼ 1. In the simplest two-component models with a solid crust and a superfluid interior, where the superfluid is weakly coupled to the crust, Q ≈ In/I, where In is the total moment of inertia of the superfluid neutrons (e.g., Baym et al. 1969) . So one explanation for the high-Q events is that a large fraction of the total stellar moment of inertia is in the form of superfluid neutrons that are weakly coupled to the crust. The degree of coupling is evidently quite variable, with decay time constants ranging from a few days for the Crab pulsar to tens or hundreds of days for other pulsars. This explanation for high-Q decays can apply regardless of the mechanism for the glitch itself; this may be related to the fact that these decays are observed to follow both large and small glitches. The observed overshoot in the very young pulsar J1846−0258, with an apparent Q of ∼8.7 (Livingstone et al. 2010) , is clearly anomalous with no other similar overshoots being observed. As suggested by Livingstone et al. (2010) it is likely that this behaviour resulted from a glitch-induced change in the external torque.
In the Alpar et al. models, the observed approximately linear recoveries inν are related to the properties of an outer superfluid layer in which the coupling is very weak so that the rotational lag between the crust and the superfluid is very large. For this case, Alpar & Baykal (2006) show that theνint related to glitch recovery is given bÿ
where τg is the interglitch interval and IA is the inertial moment of layer A. Figure 19 showsνint =ν obs − 3ν 2 /ν versus |ν|/ τg , where τg is the mean interglitch interval (Table A3). A correlation is clearly seen, with an unweightedleast-squares fit giving νint = 10 −2.8(1.4) (|ν|/ τg ) 1.00(7) .
Remarkably, the slope of the fitted line is equal to the expected value of 1.0 based on Equation (6). Furthermore, the proportionality constant, ∼ 10 −2.8 ≈ 0.0016 is comparable to the median value of ∆νg/ν, 0.0034 (Table A2) 
Slow glitches
So-called "slow glitches" have been observed in a number of pulsars. In these events,ν rises sharply and declines over the next few hundred days roughly to its pre-glitch state. This results in a persistent increase in ν relative to the preglitch variation. Slow glitches were first observed in PSR J1825−0935 (PSR B1822−09) (Zou et al. 2004; Shabanova 2007; Yuan et al. 2010a ) and have been reported in several other pulsars by Yuan et al. (2010a) . Hobbs et al. (2010) suggested that these slow glitches are a manifestation of the discrete states in spin-down rate first seen in PSR B1931+24 . Lyne et al. (2010) further showed that the discrete spin-down states were correlated with pulse shape changes, implying that the slow-glitch glitch phenomenon has a different origin to normal glitches for which the pulse shape changes are not expected. Never-the-less they are discrete events which result in a step change in spin frequency, so it is reasonable to label them as "slow glitches".
Our data for PSR J1825−0935 (Figure 11 ) do not clearly show the slow glitches since there were insufficient observations at the relevant times. However, for PSR J1539−5626, we see slow-glitch features as shown in Figure 20 . The top panel shows the timing residuals for this pulsar showing the quasi-sinusoidal features as observed in many pulsars ). The bottom panel shows the episodic increases inν that characterise the slow-glitch phenomenon. The two states haveν ∼ −8.19 × 10 −14 s −2
andν ∼ −8.15 × 10 −14 s −2 , a relative variation of just 0.5% inν. Lyne et al. (2010) found values of ∆ν/ν of between 0.3% and 45% in different pulsars. Furthermore, they found a relationship between the size of the change inν and the size of the pulse-shape change between the two states. The small percentage change inν for PSR J1539−5626 therefore suggests that any correlated pulse shape changes will also be small and so far we have been unable to find convincing evidence for the changes in either pulse shape or polarisation propertities.
CONCLUSION
In this paper, we reported the results of a search for glitch events in the timing residuals of 165 pulsars, covering a total data span of 1911 yr. A total of 107 glitches was detected in 36 pulsars of which 13 were not previously known to glitch and 46 glitches are new discoveries. As constrained by our observational sampling, glitches with ∆νg/ν 10 −9
are difficult for us to detect, and 22 events that have previously been reported were missed. Similar difficulties also occur for the detection of post-glitch exponential recoveries with timescales 20 d. However, our observations do reveal exponential recoveries mostly with timescales of a few tens of days for 27 glitches in 18 pulsars. A linear increase inν is clearly observed following most glitches. Linear increases, presumably related to a previous unseen glitch, were also seen before the first observed glitch in most pulsars. To quantify the linear recoveries as accurately as possible, the solutions forν (see Table A1 ) were measured after any observed exponential recoveries were essentially complete. Of the 108ν measurements obtained, 97 are positive; the 11 negative ones are generally from short data spans and/or for pulsars with strong timing noise.
With the contribution of 46 new glitches, the observed bimodal distribution of the glitch fractional size has been reinforced, implying that there are two different glitch mechanisms, possibly the starquake and the vortex pinningunpinning theories. Post-glitch exponential recoveries have been observed over a wide range of fractional glitch size and pulsar age. Large recovery fractions Q have been seen in small glitches in both young (e.g. the Crab) and old (e.g. PSR B0525+21) pulsars and also in large glitches in young pulsars (e.g. PSR J1119−6127) and in magnetars. Small values of Q, typically around 0.01, are more commonly observed in large glitches. A bimodal distribution shown in the histogram for Q has also clearly been seen. Moreover, decay timescales τ d have been observed to show some positive correlation with pulsar age. Figure 17 shows that the inter-glitchν has a strong correlation with the slow-down rate |ν| and is generally much larger than the expectation from a magnetic-dipole braking. The excess decay in braking is clearly related to glitches and is consistent with the predictions of a model based on the properties of a weakly coupled superfluid in the outer layers of the neutron star (Alpar & Baykal 2006) .
It is very clear that the true distribution of the glitch fractional size at the low end is not well determined (cf. Figure 12 ). Glitches with ∆νg/ν 10 −9 are at the lower limit of the detectability for most timing programs. The observational sampling, timing accuracy and intrinsic timing noise also hamper the detection of exponential recoveries with very short timescales, leaving an incomplete sample for short time constants. Further studies on these issues require intensive timing observations for the glitching pulsar population supported by simulations to better reveal the true distributions of glitch-related phenomena. 
APPENDIX A: TIMING SOLUTIONS AND GLITCH PARAMETERS
Timing solutions incorporating pre-and post-glitch pulse parameters and glitch parameters, obtained from Tempo2 fits for the 36 glitching pulsars analysed in this paper are provided here in Tables A1 and A2 .
To support the discussion in §5, Table A3 summarises the number of observed glitches, Ng, the observing range and the derived glitching ratesṄg for the known glitching pulsars. Table A4 gives previously reported exponentialrecovery parameters.
ASCII machine-readable versions of the four tables in this Appendix are provided as an on-line supplement. Glitches in 36 southern pulsars 31 (1) 147 (2) 
